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I. INTRODUCTION 
This investigation had two main objectives. The first was the experi­
mental determination and compilation of sufficient data to construct a 
phase diagram depicting the alloying behavior of zinc and zirconium; 
the second was to determine some of the thermodynamic properties of 
the intermetallic phases formed by the two metals. 
Binary phase diagrams offer a convenient method of condensing into 
a single graphical form information about the alloying behavior of two 
metals. Information obtained from a particular phase diagram may 
often be used to make reasonable estimations on the alloying behavior of 
undetermined elemental combinations. The alloying behavior of metals 
with group family relationships are often similar, and in many cases 
known phase diagrams of metals in a particular family have been used 
to aid in the investigations of another member of the family. Binary 
phase diagrams have also been used to calculate thermodynamic data such 
as heats of fusion. Furthermore, when the compositions of all inter-
metallic phases in a binary system are known, knowledge of the activity 
of one component at all compositions permits calculation of the integral 
heat content, free energy, and entropy. If the vapor pressure of one 
component can be measured, the activity çj. at  some temperature is 
defined by P/PQ where Pq equals the vapor pressure of the pure 
element at that temperature. The zinc-zirconium system qualified as 
a system which permitted such calculations because of the relatively 
high vapor pressure of zinc with respect to the zirconium component. 
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Zirconium and its alloying behavior with other metals are of particu­
lar interest due to its extensive applications in the nuclear energy field. 
A low neutron capture cross-section for slow neutrons and good corro­
sion resistance under many of the conditions encountered in present 
reactor practice make zirconium an extremely good material for 
protecting fissionable fuel elements. The alloying behavior of hafnium, 
an excellent control rod material, might also be inferred to some 
degree by comparison with that of zirconium, both being in the same 
subgroup. 
The use of zinc as an alloying additive during the reduction of 
zirconium compounds to the metal also afforded an incentive to examine 
the zinc-zirconium phase diagram, particularly on the high zirconium 
side. Table 1 indicates some of the more common physical properties 
of zinc and zirconium. 
A consideration of the Hume-Rothery principles of alloying indicate 
the following: 
(a) The atomic size factor rule states that extensive primary solid 
solution is unlikely if the diameter of the solute differs by as much as 
14-15 percent of that of the solvent. The values given in Table 1 for 
atomic diameters were used in calculations which showed a 15. 8 per­
cent size difference for zirconium in zinc and a 13.6 percent difference 
for zinc in zirconium. Consequently the atomic sizes are not favor­
able for extensive primary solid solution formation. 
(b) The greater the difference in electronegativities between two 
components, the greater is the tendency to form compounds and the 
lower the tendency to form solutions. The values for electronegativities, 
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Table 1. Physical properties of zinc and zirconium 
Metal 
Property Zinc Zirconium 
Melting point °C 419. 46 1855 t 15 
Boiling point °C 
Density g. /cm. ^  
907 
7. 133 
3580-3700 
(estimated) 
6. 5 
Electronegativity0 i. 2 1.6 
Atomic weight 65. 38 91. 22 
Lattice constants, 
25° C, hexagonal 
a — 
o 
c 
o 
2. 665 
4. 947 
1 
Â 
a - 3. 232 
c° - 5. 147 
o 
R 
R 
Atomic radius 25° C. 1. 379 1.597 
Transformation 
temperature C 865 
Lattice constant 
b. c. c. Zr, 900° C. 3. 61 
With the exception of specifically noted entires, the physical proper­
ties of zinc were taken from Metals Handbook (1), page 20, and Kelley 
(8), page 109. 
^With the exception of specifically noted entries, values were taken 
from Metallurgy of Zirconium (7), pages 481-2. 
c Pauling electronegativities. 
^ASTM index powder data values. 
1. 6 for zirconium and 1. 2 for zinc, are sufficiently different to lead to 
the conclusion that these two elements will show very limited mutual solu­
bility and a strong tendency toward compound formation. 
(c) The similar structure, hexagonal, of the two metals would, how­
ever, tend to favor mutual solubility. 
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A review of the literature revealed partial investigations of the zinc-
zirconium system had been conducted. Carlson and Borders in Hayes (7) 
established the high zirconium region of the diagram from pure zirconium 
to approximately 58 weight percent zirconium . They show a eutectic 
temperature horizontal at 1015° C with the eutectic composition reported 
to be 69 percent zirconium. The terminal phases of the eutectic hori­
zontal are an inter metallic compound approximating the formula ZrZn 
and a 21 percent zinc-beta zirconium solid solution. The beta solid 
solution undergoes a eutectoid reaction at 750° C and 85 percent zir­
conium, decomposing into alpha zirconium and ZrZn. Negligible 
solubility of zinc in alpha zirconium is indicated. 
Gebhardt (5) and later, Chiotti, Rati iff and Kilp in Hayes (7), worked 
on the high zinc end of the system. Both investigators report a eutectic 
lowering of the melting point of zinc from 419. 46° to 416° C. The solubil­
ity of zirconium in solid zinc is shown to be very low by both investigators. 
Gebhardt shows temperature horizontals at 545° and 970° C. Chiotti 
ejt^aL indicate temperature horizontals at 545° and 750° C according to 
Hayes (7). Both investigations indicate the presence of more than one 
high zinc compound in the system. 
From this point, all compositions will be in weight percent zirconium 
unless otherwise designated. 
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IL EXPERIMENTAL 
The zirconium used as starting material was hafnium-free iodide 
process crystal bar obtained from the Westinghouse Electric Corpora­
tion. Iron and silicon in an amount of 200 ppm each, 100 ppm carbon, 
and less than 50 ppm other impurities were present. The zinc employed 
was Bunker Hill slab zinc or Baker Analysed reagent granulated zinc, 
both of which were 99. 99 percent pure. The zinc was cleaned with 
either dilute nitric or hydrochloric acid, rinsed in water and then acetone, 
dried, and stored in tightly closed containers until used. The zirconium 
was either machined into shavings or cut into suitable shapes or sizes, 
cleaned in a nitric -hydrofluoric acid solution, rinsed in water and 
acetone, dried, and used immediately for alloy preparation. The con­
struction of the zinc-zirconium binary phase diagram was based on the 
results of thermal analyses, X-ray diffraction measurements, micro­
scopic examination, diffusion band studies and vapor pressure measure­
ments. The relatively low boiling point of zinc permitted use of a dew-
point method to obtain most of the vapor pressure data. 
A. Preparation of Alloys 
The high vapor pressure of zinc and the extreme reactivity of 
zirconium at elevated temperatures severely limited the number of 
methods which could be employed to form alloys of zinc and zirconium. 
Vacuum melting and arc-melting methods were generally not satisfactory. 
Thus in order to eliminate oxidation and vaporization problems, alloys 
were prepared by heating the metals in sealed containers of glass or metal. 
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In some cases alloys were prepared by melting zinc under an inert gas 
pressure at one atmosphere or greater. The latter method was generally 
applicable only at low temperatures and low zirconium compositions. 
Carlson and Borders in Hayes (7) prepared alloys by bomb reduction 
of zirconium tetrafluoride with calcium in the presence of zinc. This 
method did not prove successful in applications to zinc concentrations 01 
greater than 42 percent. Chiotti et al. in Hayes (7) successfully prepared 
alloys of up to 8 percent zirconium by suspending zirconium in molten 
zinc under helium or argon maintained at greater than atmospheric 
pressure. The volatility of zinc, the slow reaction between alloying 
constituents, and the necessity to use high purity gas to prevent con­
tamination made this method impractical for the preparation of alloys of 
higher zirconium concentration. 
One method of alloy preparation used early in the investigation began 
by placing massive zinc and zirconium together in a refractory crucible, 
either magnesium oxide or magnesium oxide plus 10 percent calcium 
fluoride. This crucible, about one inch in diameter and two inches long, 
was then placed in a mild steel crucible about one inch in diameter and 
from 2-5 inches long. A top was welded on by an inert-gas shielded-arc 
welding process. In some cases, this assembly was welded into a 
second crucible of 304 stainless steel. These were then placed in 
muffle furnaces for varying times and temperatures, depending on the 
composition and intended use of the alloy. The weight of the sample 
was usually between 50 and 200 grams. This procedure was used to 
prepare a number of alloys, but numerous bomb failures and inability 
to withstand the high temperatures needed to obtain equilibrium when 
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massive zirconium was used dictated the need for a better way to prepare 
some of the alloy compositions. 
A second method of alloy preparation consisted of pressing granulated 
zinc and zirconium shavings under sufficient pressure to form dense 
compacts, usually weighing from 20-30 grams. This pressure varied 
from 10, 000 to 70, 000 psi, with the higher pressures needed as the 
zirconium content increased. These compacts were placed in magnesium 
oxide crucibles about one inch long and 5/8 inch wide. These were then 
set into either pyrex, vycor, or silica tubes, closed on one end. A 
vacuum was drawn on the tube by means of a mechanical vacuum pump 
and an either helium or argon gas was admitted. The assembly was re -
evacuated and flushed with the inert gas several times. Then the mech­
anical pump was closed out of the system and a partial atmosphere of 
inert gas was admitted into the tube. The tube was then sealed off by 
means of a gas torch to a length of from 3-4 inches. These assemblies 
were then heated at previously determined temperatures for such times 
as thought necessary to attain equilibrium. They were either air cooled 
or furnace cooled to room temperature, depending on the nature of the 
experiment. Many alloys were prepared by this method, although there 
were numerous failures due to cracking of the glass containers. Some 
of these failures were believed due to expansion of the alloys and mag­
nesium oxide crucibles when insufficient room was left between the 
glass capsule and the refractory crucible. 
A third method of alloy preparation appeared to obviate both alloy 
preparation and thermal analysis difficulties. This method involved 
placing pressed samples, prepared as before, directly into tantalum 
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crucibles which were then welded shut under an inert gas atmosphere. 
These crucibles could then be enclosed inside stainless steel bombs or 
merely protected by an inert gas atmosphere for heating, annealing, or 
quenching experiments. This method was later modified for running 
thermal analyses on alloys in the same container in which they were 
formed. The section on thermal analysis describes the details of this 
procedure. 
B. Microscopic Examination 
The examination of micro structure s can be one of the most powerful 
tools available to the researcher in the study of alloying behavior. When­
ever possible, this technique was used to help establish the location of 
one- and two-phase regions across the diagram. However, due to the 
porosity and brittleness of many of the alloys, metallographic techniques 
were not applicable, and it was necessary to rely primarily on thermal 
analyses to establish the phase regions. 
Routine methods were employed to prepare alloy samples for micro­
scopic examination. Samples were mounted in bakelite to facilitate 
polishing. They were usually rough polished on a succession of paper 
wheels down to No. 600 grit. Final polishing was done on wet cloth 
wheels with Linde A and B alumina powder. Mixtures of hydrofluoric 
and nitric acids were used to etch alloys which did not have any zinc 
phase present. Hydrochloric or nitric acids proved to be adequate for 
etching alloys with a zinc phase present. 
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C. X-ray Crystallography 
Room temperature X-ray patterns were obtained using filtered copper 
readiation. Powder patterns were obtained with an 11.4 cm. Debye-
Scherrer camera. A North American Phillips Company X-ray diffrac-
tometer was also used to obtain data on powder samples and on massive 
samples. In general, powdered samples were not annealed since it was 
felt that very few residual strains were present in the extremely brittle 
alloys investigated. Precession, rotation, or Weissenburg cameras 
were used for single crystal work. 
D. Thermal Analysis 
Differential thermal analysis proved to be one of the most productive 
research techniques utilized in the study of the zinc - zirconium phase 
relations. Various experimental arrangements were used. The most 
satisfactory arrangement is illustrated in Figures 1 and 2. Pressed 
compacts were enclosed in welded tantalum crucibles one inch in diameter 
equipped with a thermocouple well made of 1/8 inch tantalum tubing as 
shown in Figure 1. The crucibles were charged and welded shut under 
an inert atmosphere. A nickel reference standard and Chromel-
Alumel thermocouples were employed. The assembly shown in Figure 1 
was placed in a stainless steel (304) pressure chamber. The thermo­
couple leads, D, E, F, and G in Figure 2, were brought out between two 
rubber gaskets at the top of the chamber. Other details of the experi­
mental arrangement are also shown in Figure 2. At the beginning of a 
particular run, the stainless steel chamber was evacuated and then filled 
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Figure 1. Sample assembly for thermal analysis 
Figure 2. Thermal analysis apparatus 
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with argon or helium. Thereafter, a positive pressure of argon or helium 
was maintained in the system at all times. All pressure and temperature 
adjustments were made manually during the course of a run. Several 
cooling and heating cycles were made with each alloy in most cases. 
A Leeds and Northrup X-Y recorder was used to trace the electro­
motive force readings of the thermocouples. This recorder had only one 
pen which plotted the X-function horizontally by pen movement and the 
Y-function vertically by up or down movement of the chart. The X-
function had a 0-60 mv. span, and the Y-function had a - 6 mv. span. 
The sample thermocouple output was fed into the X-function, giving 
sample temperature, and the differential thermocouple output was fed 
into the Y-function. The Y-function produced a vertical displacement of 
the chart, the direction of movement depending on the sign of the differ­
ential output voltage. When a phase change occurred, the resulting heat 
effect produced a temperature difference between sample and standard 
which was reflected by a sharp vertical movement of the chart. The 
temperature at which the change occurred was easily noted. An ice-
bath cold junction was used for all runs. 
Other modifications of the method differed mainly with respect to 
sample containment. In the earliest work, a previously prepared alloy 
was placed in a magnesium crucible and, along with a drilled nickel 
standard, was inserted into a double-holed magnesium oxide block. This 
assembly was then placed in a stainless steel pressure chamber. A pro­
tective atmosphere was maintained by exerting a positive pressure of 
helium or argon. This method proved unsatisfactory, due to gaseous 
contamination and vaporization of zinc from the samples which resulted 
14-
in serious variations in the sample composition. The zinc condensed on 
the cold water-cooled top of the pressure chamber, and on exposed parts 
of the thermocouple leads. The thermocouple leads were thus partially 
or completely shorted. 
Resort was then made to sealing the magnesium oxide crucibles 
containing the samples into quartz, vycor, or silica tubes. A small 
indentation in the bottom of the oxide crucible and the pyrex, quartz or 
vycor tube served as a thermocouple well. Prior to sealing off the 
tubes, the tubes were evacuated, filled with inert gas, re-evacuated, 
and then partially filled with inert gas and sealed. These assemblies 
proved satisfactory for low temperature measurements, but were 
generally inadequate for much of the temperature and composition range 
of interest. Finally, the method utilizing tantalum crucibles was develope 
and proved very satisfactory. 
E. Vapor Pressure Determinations 
The vapor pressure of zinc over the system was measured by use 
of a modification of the Hargreaves(6) dew-point method. This method 
is particularly applicable to systems wherein only one component is 
volatile and depends on knowledge of the vapor près sure-temperature 
relations of the pure volatile component. The alloy is commonly sealed 
in one end of a glass tube and placed in a heating device with the end 
opposite the sample visible to the eye. The sample end is heated to 
some temperature and allowed to come to equilibrium. The remainder 
of the tube is maintained at a temperature sufficiently great to prevent 
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formation of vapor condensate. The visible end of the tube is then slowly-
cooled until vapor droplets appear. Subsequent heating and cooling while 
observing the appearance and disappearance of the vapor droplets permit 
reasonable evaluation of the dew-point temperature of the alloy. The 
vapor pressure of the alloy is then equal to the known vapor pressure of 
the pure component at the dew-point temperature. 
Condensation methods for determining vapor pressure have been 
used by Frost and Maskrey (4) and Burgan, Hall and Hehemann (3) 
among others. The former investigators depended on the use of photo­
electric cell to pick up a decrease in the transmittance of a light source 
through the area of vapor condensation. The latter method utilized two 
tungsten probes sealed into the glass tube at the condensate end; the 
metal vapor, upon condensation, caused a closure of an electrical cir­
cuit which was recorded on a suitable device. 
The experimental set-up used to measure the zinc pressure in this 
investigation is shown schematically in Figure 3. Both magnesium 
oxide and tantalum were used as crucible material. The sample, usually 
2-5 grams in weight, was reduced to particles averaging 1/16 to 1/32 
inch in diameter. It was then placed in a crucible and sealed inside an 
evacuated silica tube. Alloys containing up to 35 percent zirconium 
-3 -3 
were sealed under a pressure of 1x10 to 5x10 mm. of mercury. 
Higher zirconium compositions were sealed under a pressure of less 
_3 
than 0.5x10 mm. of mercury. The sample was then heated to the 
desired temperature and allowed to come to equilibrium. A controlled 
stream of air was admitted at the cooling inlet until condensed zinc was 
observed. The rate of air flow was decreased until the condensate 
Figure 3. Dew-point apparatus 
A. Thermocouple well, silica 
B. Cooling gas inlet 
C. Condenser thermocouple junction 
D. Light source 
E. Evacuated silica tube 
F. Crucible 
G. Alloy sample 
H. Sample thermocouple 
I. Viewing Telescope 
J-N. Kanthal wire resistance elements 
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disappeared. Several heating and cooling cycles were made for each 
sample temperature and the temperature range in which condensation 
measured by a Pt:Pt-13% Rh thermocouple whose electromotive force 
was fed to one pen of an X-X recorder. The condensate temperature was 
measured by recording the differential electromotive force between the 
sample thermocouple and a similar thermocouple positioned as shown 
in Figure 3. From this differential plot of the second pen on the re­
corder, the dew-point temperature was then determined by subtracting 
the differential temperature from the sample temperature. The vapor 
pressure of the sample was calculated by use of the equation 
where T equals the dew-point temperature in degrees Kelvin. These data 
were then used to calculate the thermodynamic quantities of the system. 
A quite different method was also used in the investigation of the zinc-
zirconium system. The Knudsen effusion method (9) was used in an 
attempt to determine the low temperature vapor pressure of alloys with 
high zirconium contents. In this method, the sample is enclosed in a 
container provided with a a small orfice. The diameter of the orfice is 
usually between . 5 and 3 mm. and must be accurately measured. The 
substance is maintained at some temperature in vacuo and is weighed 
before and after heating for a known length of time. The vapor pressure 
is calculated from the equation 
occurred was narrowed to - 0. 5° C. The temperature of the sample was 
log10Patm = 9-8426 - 6 '7^4-5 . 1.3180 log10 T  - 6. 01 1X 10_5T  ( 1 )  
0. 02256 A g (2) 
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where Ag. is the mass of vapor of molecular weight MW whjch evaporated 
from an area A(cm. in time t (sec) and 0. 02256 is (2irR)^ . 
* 
F. Chemical Analysis 
Chemical analysis results were not obtained on all alloys prepared 
for the investigation of the zinc-zirconium system. Many samples 
prepared by heating carefully weighed amounts of zinc and zirconium in 
welded tantalum crucibles were considered not to have changed appreci­
ably from their make-up composition. Chemical analyses were made 
on alloys prepared by each method of sample preparation, and the results 
indicated no appreciable errors were introduced by assuming samples 
prepared in tantalum crucibles were of the nominal or make-up composi­
tion. 
The method used for determining the composition of zinc-zirconium 
alloys depends on the strong complex which zirconium forms in acid 
solution with ethylene diamine te traace tic acid, more briefly written ED TA. 
At pH 2, the zirconium complex forms preferentially to the zinc complex. 
When the pH is raised to 4.5, both form complexes. By titrating excess 
EDTA at pH 2 when only the zirconium complex forms, then performing 
a similar titration at pH 4. 5 with both complexes present, the two consti­
tuents can be determined quantitatively. 
Experimentally, the alloy was dissolved in aqua-regia. A small amount 
of hydrofluoric acid was added if insoluble residues were observed. The 
* 
The chemical analysis scheme was worked out by the Chemical 
Analysis Section of the Ames Laboratory (2) 
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addition of hydrofluoric acid was avoided if possible since the solution 
required subsequent fuming with perchloric acid to remove the fluoride 
ion. A measured amount of standardized EDTA solution was added to a 
water - diluted aliquot of the alloy solution. It was very important that the 
EDTA be only slightly in excess, because the accuracy of the method 
depends on making a small back-titration. The acidity of the dissolved 
alloy-EDTA solution was adjusted to pH 2 with dilute ammonium hydrox­
ide and dilute perchloric acid. It was then boiled for five minutes to 
completely form the zirconium complex. The solution was cooled and 
adjusted to pH 2. Ten ml. of 0.5 percent potassium iodide indicator 
was added, and the solution was titrated with a standard bismuth nitrate 
solution (. 05M) to the first yellow color. This color was ascribed to the 
formation of a bismuth iodide complex. The pH had to be regulated to 
between 1. 5 and 2. 0 throughout this procedure which necessitated running 
all titrations in a pH meter. The percent zirconium could then be calcu­
lated. 
A second aliquot of the dissolved alloy was taken. Enough standard 
EDTA solution was added to the aliquot after its dilution to complex 
both the zinc and the zirconium, and furnish a slight excess. The pH 
was adjusted to 4. 5 with ammonium hydroxide and perchloric acid. By 
boiling the solution five minutes, both complexes were formed. After 
cooling, about 10 ml. of pH 4. 5 buffer and sufficient ethanol to make the 
solution 40 percent ethanol by volume were added. The buffer solution 
was prepared by dissolving 82 grams of sodium acetate and 56. 9 ml. of 
glacial acetic acid in water and diluting to one liter. The solution was 
again adjusted to pH 4. 5 by utilization of a pH meter and maintained at 
ZI 
that value throughout the titration. Dithiozone, diphenylthiocarbazone, 
indicator was added in sufficient amounts to give the solution a marked 
blue color. The indicator was prepared by dissolving a . 5 gram dithiozone 
in 50 ml. of 95 percent ethanol. The solution was then titrated with 
standard zinc chloride solution (0.5M) to a purplish-pink to pink end 
point . The percent zinc was then calculated by difference from the two 
titrations. 
The accuracy of the method is within 2-3 parts per thousand, pro­
viding the pH is accurately controlled and slight excesses of EDTA are 
used. Interfering ions are cerium (III), iron (III), titanium (III), silver 
(I), mercury (II), molybdenum (II) and vanadium (V). Fluoride ions also 
interfere as do certain colored species such as uranium (VI). 
G. Diffusion Band Studies 
When two pure metals are placed in contact at an elevated temperature, 
the metals will diffuse into each other. If an intermetallic compound is 
formed in some range of the composition of the metals, distinct diffu-
* 
s ion bands will be seen in the specimen when viewed under the micro­
scope. Only one-phase regions of a binary alloy will appear as diffusion 
bands. This may be explained by noting the absence of concentration 
gradients in two-phase regions. Since diffusion can proceed only in the 
presence of a concentration gradient, it is possible to have a concentration 
It is not necessarily true that all one-phase regions present at a parti­
cular temperature across a phase diagram must appear in a diffusion 
couple. Rate of diffusion and près sure-volume effects in some systems 
are capable of reducing the thickness of a diffusion band to such an extent 
that it may not be observed. 
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gradient (at one temperature and pressure) only in a single phase binary 
alloy (band). Diffusion can occur, therefore, only through one-phase 
bands, and the two-phase regions of a system must occur as interfaces 
between the one-phase bands in the diffusion structure. In ternary 
systems, the concentration may vary across both one - and two-phase 
regions and one- and two-phase bands accordingly may form by diffu­
sion. In a binary system, the boundaries of the diffusion bands move 
until, at equilibrium, the alloy contains one or two phases as a final 
structure, depending on the composition. In other words, the initial 
banded structure of a diffusion couple is not an equilibrium state. 
It would be theoretically possible to construct an entire phase dia­
gram from diffusion studies. By taking concentration profiles of the bands 
at various temperatures, the solvus, liquidus, and solidus points on a 
phase diagram may be obtained. Many factors such as preparation of 
samples for chemical analysis, rates of diffusion, ability to quench in 
required structures, etc. , tend to prevent such an undertaking, however. 
Still, the study of diffusion bands can greatly aid other methods of phase 
diagram investigation. 
In the investigation of the zinc-zirconium system, the study of diffu­
sion bands proved to be very helpful in the interpretation of thermal 
data and identification of phases. Micro-hardness measurements of the 
bands in several diffusion couples were made on a Tukon Microhardness 
Tester. Only relative micro-hardnesses for the various phases of the 
zinc-zirconium system were desired, so it was not necessary to convert 
to Knoop Hardness Numbers. Some attempts at phase composition and 
identification were also made by utilizing portions of single diffusion bands 
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for chemical analysis and X-ray diffraction studies. A later section 
shows the results of these studies and the relative microhardness of the 
various phases present in the zinc-zirconium system. 
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III. PRESENTATION OF DATA 
A. Phase Diagram 
A proposed one-atmosphere phase diagram for the zinc-zirconium 
system is illustrated by Figure 4. With the system held under constrained 
vapor conditions, the phase diagram is represented by Figure 5. The 
maximum zinc vapor pressure is estimated to be less than ten atmo­
spheres at 1200° C for any of the compositions investigated. In addition 
to the partial pressure of zinc, there was an additional pressure over 
alloys prepared for thermal analysis by welding in tantalum crucibles due 
to the argon or helium gas which was enclosed in the crucible during the 
welding process. This was estimated to reach a pressure of from 3-3^ 
atmospheres at 1100° C. However, this pressure was considered not to 
have appreciably affected the phase boundaries of condensed phases, since 
even a pressure of 10 atmospheres can be shown to have little effect on 
such boundaries. Some boundaries of the system which are still uncer­
tain are shown as dotted lines. The region of the diagram for zirconium 
contents greater than 69% was based on work shown in Hayes (7) by Carl­
son and Borders. The region below 8% zirconium and 800° C confirms 
previous work by Chiotti et al. in Hayes (7) and Gebhardt (5). 
Thermal, microscopic, X-ray, and vapor pressure data were employed 
in constructing the diagram shown in Figure 4. With the exception of the 
X-ray determinations, the data were obtained from samples which had 
been sealed in small containers and heated under their equilibrium vapor 
pressure. This effectively prevented the 0, X, and y phases from boiling 
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when they reached the temperature at which they had a vapor pressure cf 
one atmosphere. Vapor pressure measurements were employed to deter­
mine the true boiling points shown on this diagram. These same data 
were also used to calculate the thermodynamic quantities shown in a later 
section. 
Figure 5 represents a variable pressure diagram due to the variation 
of the vapor pressure of zinc over the sealed or constrained alloys. Pure 
zinc attains a vapor pressure of approximately 10 atmospheres at 1200° C. 
This diagram was constructed mainly from thermal analysis, metallo-
graphic and room temperature X-ray data. 
B. Thermal Analysis 
Reliable thermal data depend on phase equilibria. Any binary system 
under investigation must be examined carefully to insure that equilibrium 
has been reached. Peritectic reactions such as those in the zinc-zirconium 
system are particularly troublesome in this respect. Each alloy utilized 
for thermal analysis during the investigation had to be continually re­
evaluated as knowledge of the phases involved was obtained. Some of the 
earliest work had to be discarded when it became obvious that phase 
equilibria had not been obtained. Some hysteresis was encountered during 
thermal analysis, but it was rarely more than - 10 degrees. 
Table 2 typifies the thermal history of alloys which were not annealed 
prior to thermal analysis and shows how certain thermal arrests were 
eliminated by repeated heating and cooling through appropriate temperature 
ranges. The temperatures at which annealing was necessary became 
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Table 2. Typical thermal analysis procedures 
Wt 
. % Cycle Heating 
schedule 
Cooling 
schedule 
Annealing Thermal 
, 0-
arrests C 
Time Temp. 
, orr  hrs. C 
Time 
hrs. 
Temp. 
°C 
Time Temp, 
hrs. °C 
Heat. Cool. 
19. 0 1 2 25° to 
800 4 850 400 to None 417 550 
750 
550 
750 
2 1 400 to 
930 
2 930 
485 
to None 550 
750 
910 
910 
750 
3 1 485 to 
626 4 626 400 to None None None 
12. 75 1 4 25 to 980 3 980 271 to None 417 550 
750 
550 
750 
2 4 271 to 712 4 612 405 to 2 403 550 550 
3 4 403 to 931 4 931 367 to None 550 750 550 750 
4 i 367 to 
610 4 610 462 to None 550 550 
5 i 462 to 
610 4 610 462 to None 550 550 
apparent after observing the change in intensity of certain thermal arrests 
on repeated heating and cooling of the alloys. 
Table 3 summarizes the data obtained from differential thermal analy­
sis. The thermal arrest temperatures given in this table represent the 
temperatures at which the thermal arrests were first evident on either 
heating or cooling after the alloy had attained equilibrium. Figure 6 
represents the data plotted with respect to the proposed zinc-zirconium 
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Table 3. Summary of thermal analyses 
Sample Wt. % Zr 
no. Anal. Nom. 
Thermal history Thermal 
breaks C 
Heat. Cool. 
8 .  0  
8. 77 
8.85 
9.0 
9.0 
10.  o c  
12. 75 
15. 0 
annealed for 16 414 417 
hours at 370° C, 546 541 
32 hours at 754 732 
600 C, 10 hours 
at 425 C, heated 
to 950° C at 
5' /min. , cooled 
at 3-4°/mm. 
Same as above 414 417 
except maximum 548 535 
temp, was 941 C 761 742 
Same as above 558 546 
except maximum 744 744 
temp, was 1104 C 
Same as above 555 — — — 
except maximum 761 
temp, was 987° C 
where container 
failed 
Heated to 980° C, 546 546 
held 2 hours at 760 740 
525 C, reheated 
twice to 610° C. 
Heating rate 
6 /min., cooling 
rate 4 /min. 
Same as 4 above 550 550 
750 750 
Alloys prepared by pressing Zr shavings and Zn powder, sealing 
in glass under a partial atmosphere of helium or argon and sintering at 
some temperature. 
b Alloy s prepared by welding pressed compacts of Zn and Zr into 
tantalum crucibles equipped with thermocouple wells and then running 
thermal analyses without prior heat treatment. 
Table 3 (continued) 
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Sample Wt. % Zr Thermal history Thermal 
no. Anal. Nom. breaks C 
Heat. Cool. 
7 17. 0^ annealed one hour 750 745 
at 1044° C, 5 
hours at 532° C, 
heated at 9Q C/min., 
cooled at 5 C/min., 
was not heated above 
850 during thermal 
analysis 
8 18. O3* annealed 16 hours 768 744 
at 370° C, 32 
hours at 600° C, 
10 hours atQ425 C; 
heated at 5 /min. , 
cooled at 4 /min. 
Maximum temp. 
940 C 
9 19. 0a Same annealing as 756 744 
8 above, reheated 908 905 
to 930 C three 
times, same heat­
ing and cooling 
rate 
10 19. 0b Heating rate 750 723 
6°/min. , cooling 910 910 
rate 4 /min. 
heated twice to 
930° C, annealed 
at 800 C on 
cooling 2 hours 
11 23.6 23.6° Heated 4 hours 749 
between 965 C 
and 1070 C, 
water quenched. 
Heating rate 
6 /min. , cooling 
rate 4 /min. , 
heated to 881 C 
during thermal 
analysis 
C Alloy s prepared by heating massive Zr and Zn under a positive 
pressure of helium or argon. 
3.1 
Table 3 (continued) 
Sample 
no. 
Wt. % Zr 
Anal. Nom. 
Thermal history- Thermal 
breaks °C 
Heat. Cool. 
12 25. 0 
13 25. 0 
14 28.  0  
15 31. 35 
16 31.1 
annealed at 508 C 
for one hour, heated 
to 930° C, cycled 
twice between 850 C 
and 950° C, heating 
and cooling rate 
r O y D /mm. 
Heated to 930° C, 
cooled to 450° C, 
reheated to 1130 C 
where sample failed. 
Heating rate 
5 1/2°/min. 
annealed for 16 
hours at 370° C, 
82 hours at 
600°, and 10 
hours at 425° C. 
Heated 3 /min. 
up to 1013° C, 
cooled at 2 1/2°/ 
min. 
2 hours/25-1130 . O / /mm. 
cooled 
3 hours at 1130 
down 
Heated at 5 
to 1130° C, 
Heated to 
1150° C in 1 / 2  
hours, cooled to 
675° C in 2 1/2 
hours, held at 
675 C for one 
hour, then heated 
to 1140° C where 
sample broke. 
750 
925 
920 
1107 
756 
908 
916 
1108 
920 
1107 
740 
923 
725 
899 
891 
1088 
Portion of a diffusion band prepared at 1000° C for four hours. 
Table 3 (continued) 
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Sample Wt. % Zr Thermal history Thermal 
no. Anal. Nom. breaks C 
Heat. Cool. 
17 32.1 32.0° Heated to 1002° C 908 908 
at 5^/min. cooled 
at 3 /min. 
18 34. 0a annealed as No. 891 891 
14. Heated to 
1140° C at 
19 35. 0b Heated to 950° C, 910 1018 
cooled to 825° C, 
held for 4 hours, 1018 
reheated at 1102 
2 1/2°/min. to 
1110 C where 
sample broke. 
20 35. 0b Heated to 900° C 906 902 
held for 3 hours , 1104 1101 
cooled to 700° C, 
held 20 hours, re­
heated at 5 1/2°/ 
min. to 1130 C, 
cooled at 3 1/2°/ 
min. 
21 38. 0a annealed 16 hours 903 911 
at 370° C, 32 
hours at 600° C, 
and 10 hours at 
425 Q C. Heated 
at 3 /min. to 
938 Ç, cooled at 
2 1/2 /min. 
22 40. 0 Same heat treat- 908 
ment as sample 
above. Heated to 
920 C at 3°/min. 
Cooled at 2 1/2°/ 
min. 
5°/min. , cooled 
at 3°/min. 
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Table 3 (continued) 
Sample Wt. % Zr Thermal history Thermal 
no. Anal. Nom. breaks C 
Heat. Cool. 
23 41.0 Same heat treat- 1180 
ment as above. 
Maximum temp. 
1200 C where 
thermocouple 
broke. 
24 41. lb Heated to 950° C, none none 
cooled to 793° C, 
reheated to 
1080° C and cooled 
to 508° C, reheated 
twice more to 1170 C 
where thermocouple 
went out. 
25 42. 0b Heated to 1050° C 1105 1110 
in 2 hour s, cooled 
to 1000° C, held 
1 hour. Cycled 
between 1150 C and 
930" C twice. Cooled 
at 5 /min. 
26 44. 0b Heated to 1020° C 1110 1110 
in 2 hours. Cycled 
3 times between 
1160° C and 930° C 
in next 5 hours. 
Cooled at 5°/min. 
27 46. 0 annealed 16 hours none none 
at 370° C, 32 
hours at 600° C. 
10 hours at 425 C, 
heated to 984° C at 
5 /min. , cooled 
at 5°/min. 
Table 3 (continued) 
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Sample Wt. % Zr Thermal history Thermal 
no. Anal. Nom. breaks C 
Heat. Cool. 
28 47.0 Sample heated to 1102 1110 
1140 C in 2 hour s. 
Cooled to 700° C in 
2 hours and held for 
3 hours, reheated to 
1140 C in one hour 
and cooled at 5 /min. 
29 50. 0b Heated to 850° C 1110 1118 
in one hour. Cycled 
4 times between 
850° C and 1150° C 
during next 4 1/2 
hours. Cooled to 
room temp, and rerun 
to 1160° C. Cooled 
at 5°/min. 
30 54.0 Heated to 841° C 1114 1123 
in 2 hours and held 
for 1 hour. Cycled 
between 1160 C and 
840° C threap times. 
Cooled at 5 /min. 
,o ,b 31 58.3 Heated to 1018 C 1114 1123 
in 3 1/2 hours. 
Cycled twice be­
tween 990° C and 
1160° C in 2 hours. 
Cooled at 5 /min. 
32 69. 0b Heated to 1018° C 1018 1015 
in 3 1/2 hours. 
Cycled twice be­
tween 1160 C and 
1000° C and cooled 
at 5°/min. 
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Figure 6. Thermal data plotted on the 
zinc-zirconium phase diagram 
phase diagram. The tips of the triangles pointing downward represent 
the beginning of thermal arrests on cooling and the tips of the triangles 
pointing upward represent the beginning of the thermal arrests on heating. 
With the thermal analysis set-up used in this investigation, it was 
possible to detect a differential electromotive force of 0. 03 mv. from 
the recorder chart. Consequently any thermal arrest capable of 
producing a thermal lag of the order of ^ 0. '75° C could be detected 
with the Chromel-Alumel thermocouples used. The thermocouples 
employed were checked by observing the indicated melting points of 
zinc and aluminum. The thermocouples checked the accepted melting 
points to within 0. 50° C. 
The region from nearly pure zinc to about 9. 0 percent zirconium 
showed a eutectic horizontal at 416° - 1.0° C. The difference between 
the freezing points of the zinc-zeta phase eutectic and pure zinc (419. 5°C) 
was large enough to b.e. clearly defined by the experimental set-up. 
Microscopic examination of several alloys also confirmed the existence 
of the eutectic. The best estimations of the eutectic composition placed 
it at less than . 35 weight percent zirconium. The present investigation 
indicated that alloys up to 8. 77 percent zirconium retained detectable 
amounts of eutectic. The 8. 77 percent alloy was prepared by heating 
a pressed compact at 370° C for 16 hours, 32 hours at 600° C, and 
finally 10 hours at 425° C. The eutectic break was still observed on 
subsequent cooling and heating through the eutectic temperature. 
X-ray data on alloys in this range show the presence of an essentially 
pure zinc phase and an inter metallic compound. The intermetallic com­
pound has a composition approximating the formula ZrZn^. This would 
correspond to 9. 06 percent zirconium. Thermal data indicated this com­
pound, referred to as the zeta phase, decomposed peritectically at 
545° C into liquid and the compound ZrZn^. The thermal data in Table 3 
shows that the zeta phase disappeared near 17. 0 percent zirconium. 
Alloys of 9. 0, 10. 0, 12. 25, 15. 0, and 17. 0 percent zirconium exhibited 
thermal arrests near 545° C but no thermal arrest at 416° C if properly 
annealed. Alloys of 8.0 and 8. 77 percent zirconium exhibited a second 
arrest closely following the 545° C arrest during cooling. The reason 
for this apparent doubling of 545° C arrest is not known. No other evi­
dence has been shown to indicate the presence of an undetected phase to 
explain this phenomena. One explanation would be the existence of a 
small region of solubility for the zeta phase in which case the initial 
break would represent the peritectic reaction forming the compound and 
the lower temperature break would represent crossing the solidus. The 
two thermal arrests were not separate, as the lower temperature break 
was superimposed on the main 545° C thermal arrest. The limits of 
such a region were not established and the phase has been shown as a 
line compound on the phase diagram. Microscopic evidence indicated 
the limits of solubility would have to be quite small in any case. 
The epsilon phase, ZrZn^ (18.85% Zr), exhibited peritectic decom­
position at 750° C. One-phase alloys were observed at 18.5 and 18.85 
percent zirconium. Double 750° thermal breaks during cooling were 
observed on 17 and 18 percent alloys. The reason for this behavior, 
which was similar to that observed in alloys near the ZrZn^ stoichio­
metric composition, is not known. No evidence was found for a large 
region of composition or for an undetected phase. 
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Thermal data indicated the 750° C horizontal extended to at least 28 
percent zirconium. Near this composition, a third one -phase region 
was observed. Microscopic observation and chemical analysis indicated 
this phase was very near 31.1 percent zirconium, or very close to the 
formula ZrZn^. Two thermal arrests were obtained from one-phase 
alloyws of 31.35 and 31.1 percent zirconium, a quite small one near 
900° and a second larger break near 1100° C. This 900° thermal arrest 
was observed in alloys ranging from 19 percent to nearly 41 percent. 
Unless care was taken to insure complete equilibrium, it was also 
observed in higher zirconium alloys. Since diffusion band studies showed 
the ZrZng phase was stable up to 1000° C, and thermal data indicated no 
melting up to 1100° C, a phase transformation at 910° C has been pro­
posed for the ZrZng phase. Information on the nature of this transforma­
tion was difficult to determine, although the frequent occurrence of 
drastic twinning of the ZrZn^ phase when formed or heated above the 
transformation temperature was supporting evidence for a high tempera­
ture modification. Vapor pressure measurements indicated the Zr Zn^ 
phase was not stable at one atmosphere pressure above 980° C. The 
thermal analysis method, of course, did not allow alloys to boil, and 
thus the phase remained stable up to 1100° C where it decomposes 
peritectically. The vapor pressure of alloys between 31 and 41 percent 
zirconium was estimated to be between two and four atmospheres at 
1100° C by extrapolation at lower temperature vapor pressure data. 
The ZrZn-, phase, 41. 1 percent zirconium, under constrained vapor 
conditions melts congruently very close to 1200° C. Thermal analysis 
results on a 41 percent zirconium alloy showed only one thermal arrest, 
1180° C. Microscopic examination after thermal analysis showed the 
alloy had melted. A maximum temperature of 1200° C was attained during 
the thermal analysis run. Alloys of 42, 44, 50, 54, and 58.3 percent 
zirconium showed only one thermal arrest on heating up to 1160° C. 
This arrest came very close to 1110° C on heating and for some unknown 
reason was somewhat higher on cooling. The magnitude of this 1110° C 
break increased at the higher zirconium percentages. The break was 
attributed to the peritectic decomposition of the ZrZn phase. Micro­
scopic examination of the 42 and 44 percent zirconium alloys which had 
been heated to 1160° C, showed that a liquid phase had formed but that the 
alloy had not melted completely. However, the 50, 54, and 58. 3 per­
cent alloys appeared to have been completely molten. 
Alloys from 31 to 58 percent zirconium required either high tempera­
ture or very long lower temperature annealing times to attain equili­
brium. By heating above the 1015° C eutectic which exists between 
beta zirconium and the ZrZn phase, it was possible to reach equilibrium 
much faster than by heating at lower temperatures. By thermal cycling 
high zirconium alloys and observing the disappearance of the 545, 750, 
or 910° thermal arrests, it was possible to follow the approach of the 
alloy to equilibrium. The microstructure and X-ray powder patterns 
of the alloys after thermal analysis also were helpful in determining the 
phase equilibria. 
The existence of the eutectic near 69 percent zirconium postulated 
by Carlson, et_al. , was confirmed. A 69. 0 percent alloy was nearly 
all eutectic structure and only one thermal arrest, 1015° C, was 
observed. Diffusion band studies also confirmed the existence of this 
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eutectic. The 750° C horizontal corresponding to the eutectoid decomposi­
tion of beta zirconium was not observed during thermal analysis. Appar­
ently the eutectoid decomposition was too sluggish to give a well defined 
thermal arrest. 
C. Metallography 
Many alloys prepared for the investigation of the zinc-zirconium 
system were not suitable for metallographic examination. They were 
often porous, and alloys containing appreciable amounts of the inter-
metallic phases tended to be very brittle. However, most of the alloys 
prepared by welding pressed compacts of zinc and zirconium into tan­
talum crucibles were able to be used. Etching the samples which proved 
suitable for examination was not a serious problem. Mixtures of 
hydrofluoric and nitric acids were used on most compositions, although 
hydrochloric acid was used to good advantage on very low zirconium 
alloys. 
Figure 7 shows the micro structure of pure zinc. The formation 
of the low zirconium eutectic structure was dependent on the cooling 
rate. Only alloys of near eutectic composition which were rapidly 
cooled to below the eutectic temperature showed a well defined eutectic 
structure. Figure 8 shows the micro structure of an alloy obtained by 
removing part of the liquid phase formed on heating zinc in contact 
with massive zirconium at 750° C. The light phase is zinc and the 
dark phase is ZrZn^. The crystals of the zeta phase (ZrZn^) were 
probably formed by exfoliation of the diffusion bands formed on the 
Figure 7. Top left. Pure Bunker Hill zinc. HNCL etch. 
X250 3 
Figure 8. Top right. An alloy estimated to be 3.7 wt. 
% Zr, exhibiting ZrZn^ compound crystals 
in zinc matrix, is shown. HNO^ etch. X250 
Figure 9. Bottom left. . 24 wt. % Zr is shown. The 
ZrZn, , - Zn eutectic and zinc are present. 
HN03 etch. X250 
Figure 10. Bottom right. A 6. 0 wt. % Zr alloy which 
was annealed at 400 C for 268 hours is 
shown. Two phases, dark ZrZn, * plus light 
zinc, are present. Dilute HNO, -nF etch. 
X250 
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massive zirconium. This was observed to happen in many diffusion band 
studies. Figure 9 shows the structure of an alloy obtained in a similar 
manner at 550° C Apparently, the bath was not fully saturated with 
zirconium, as zinc plus eutectic constitutes the major part of the structure. 
Figures 10 and 11 show the microstructure of 6. 0 and 9- 0 percent 
zirconium alloys, respectively. The alloys were both heated at 880° C 
for two hours, quenched to room temperature, and then annealed for 
268 hours at 400° C. Although they were both rather porous, the 6 per­
cent alloy shows considerable amounts of zinc, the lightest phase, plus 
the darker zeta phase. The second alloy, 9 percent zirconium, shows 
mostly the zeta phase, plus small amounts of a second phase, ZrZn^. 
The dark areas are the result of voids, not a third phase. Microhard-
ness tests showed that neither of the two phases were zinc. Consequently, 
this micro structure is strong evidence that the zeta phase boundary lies 
at a composition somewhat less than 9-0% zirconium. 
The micro structure of a 16 percent alloy is shown in Figure 12. The 
alloy was prepared from zirconium shavings and massive zinc by heat­
ing them to 800° C for 8 1/2 hours, then for 113 1/2 hours at 500° C. 
The dark area is ZrZn^ (zeta) and the light area ZrZn^. 
An 18. 5 percent zirconium alloy exhibited the one-phase micro-
structure shown in Figure 13. This alloy was prepared by heating a 
sample at 725° C for 528 hours. It was also porous and was difficult to 
polish. 
The two-phase structure exhibited by a 25 percent zirconium alloy 
after thermal analysis (alloy number 12 in Table 3) is shown in Figure 14. 
The light grains are ZrZn^ and the matrix is ZrZn^. 
Figure 11. 
Figure 12. 
Figure 13. 
Figure 14. 
Top left. A 9 0 wt. % Zr alloy which was 
annealed at 400 C for 268 hours is shown. 
The major phase is ZrZn,, plus ZrZn/. 
The dark areas are voids. Dilute HNU-, -HF 
etch. X250 
Top right. A 16. 0 wt. % Zr alloy which was 
annealed at 500° C for 113 1/2 hours is 
shown. ZrZn/ crystals are shown in a 
ZrZn^ matrix. HNO^-HF etc. X250 
Bottom left. A single phase alloy of ZrZn^ 
at a composition of 18.5 wt. % Zr is shown 
after annealing at 725 C for 528 hours. 
HN03-HF etc. X250 
Bottom right. A 25. 0 wt. % Zr alloy which 
was slow cooled from 950 C after thermal 
analysis is shown. Two phases, ZrZn- in 
matrix of ZrZn,, are present. HNO,-TïF 
etc. X250 ° -
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Figures 15, 16 and 17 show one-phase alloys of the compound ZrZn^. 
Figure 15 shows the micro structure of a 29.5 percent alloy after 120 
hours at 840° C, Figure 16 is that of a 31.0 percent alloy held for 528 
hours at 840° C, and Figure 17 shows an alloy of 31. 1 percent zircon­
ium heated for one hour at 1060° C and 18 hours at 840° C. The twinned 
condition of the latter is typical of the the ta (ZrZn^ ) phase after heating 
to above the transformation temperature (910° C) for this phase. 
Alloys very near 41 percent zirconium were often impossible to 
polish, due to their porosity. Figure 18 shows a 41 percent alloy which 
was first sintered at 600° C for 72 hours, and used for thermal analysis 
(alloy Number 24 in Table 3). The maximum temperature to which this 
alloy was heated was 1170° C. The alloy was nearly one-phase ZrZn^, 
which also exhibits twinning. However, in this case there was no evi­
dence that the twinned structure was due to an allotropie transformation. 
Two-phase .alloys of ZrZn^ in a matrix of ZrZn are shown in Figures 19 
and 20. The microstructures of both alloys, the former 50 percent 
zirconium and the latter 54 percent zirconium (alloys 29 and 30 in 
Table 3) were obtained after thermal analysis. 
Figures 21 and 22 show portions of a diffusion couple heated at 
1050° C and rapidly cooled by quenching the steel bomb container in 
water. The lower part of Figure 21 illustrates the eutectic formed 
between ZrZn and beta zirconium solid solution. An enlarged view of 
the eutectic region is shown in Figure 22. The intermediate band just 
above the eutectic band in Figure 21 is presumably a eutectoid structure 
due to the decomposition of beta zirconium solid solution into ZrZn and 
alpha zirconium. The dark upper band is not clearly defined, but may 
Figure 15. Top left. A 29.5 wt^ % Zr alloy after anneal­
ing 120 hours at 840 C is shown. The micre­
structure appears to be one phase ZrZn- . 
HNO -HF etc. X250 J  
3 
Figure 16. Top right. A 31. 0 wt. % Zr alloy after anneal­
ing at 840 C for 528 hours is shown. ZrZn^ 
is the only phase present. HNO,-HF etch. 
X250 3 
Figure 17. Bottom left. A 31. 0 wt. % Zr alloy after being 
cooled slowly from 1130 C. The micro-
structure shows a highly twinned ZrZn, phase. 
HNOs-HF etch. X250 j  
Figure 18. Bottom right. A 41. 0_wt. % Zr alloy which 
was cooled from 1180 C is shown. The alloy 
is predominantly one phase, ZrZn?. 
HN03-HF etc. X250 Z 
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Figure 19. Top left. A 54. 0 wt. % Zr alloy after being 
cooled slowly from 1150 C. Two phases, 
ZrZn^ crystals in a matrix of ZrZn, con­
stitute the micro structure. HNO,-HF etch. 
X250 5 
Figure 20. Top right. A 50. 0 wt. % Zr alloy after being 
cooled slowly from 1160 C is shown. The 
major phase is ZrZn? with some darker 
ZrZn phase present. HNO^-HF etch. X250 
Figure 21. Bottom left. A non-equilibrium alloy after 
being quenched from 1050 C is shown. The 
top region is Zr, the dark band is possibly 
decomposed beta Zr or eutectoid, the inter­
mediate region is presumably a eutectoid 
structure, and the ZrZn-Zr eutectic is at 
the bottom. HNO^-HF etch. X250 
Figure 22. Bottom right. An enlarged view of ZrZn-Zr 
eutectic is shown. The white areas are 
ZrZn, and the black areas are decomposed 
beta Zr. HNO^-HF etch. X500 
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be a partial eutectoid structure or zirconium. 
Several diffusion band studies were undertaken early in the investiga­
tion to aid in establishing the number of compounds, help determine their 
crystalline states, and provide information on their reaction temperatures. 
Relative microhardness measurements made on the phases in alloys of 
known composition and on the diffusion bands were very helpful in 
identifying the phases present in alloys given various heat treatments. 
A . lower annealing temperatures, only three diffusion bands of any size 
were ever observed. However, it was possible by proper etching to 
reveal all five compound bands in one diffusion couple as shown in 
Figures 23 and 24. These bands were formed by heating a piece of 
massive zirconium in contact with zinc at 500° C for 260 hours. Figure 
23 shows rings of ZrZn^, ZrZn^, and ZrZn^. A portion of the ZrZn^ 
band, plus bands of ZrZn^ and ZrZn, are shown in Figure 24. Differ­
ent etches as indicated in the figure captions were used on the two 
portions to delineate the diffusion bands. Diffusion band studies at 
870, 970, and 1000° C provided substantial evidence of the stability 
of the ZrZng phase. Figure 25 shows this banH plus bands of ZrZn^ 
and ZrZn. The ZrZn^ band never appeared in substantial thicknesses 
and was readily overlooked if sufficient care had not been taken during 
the etching process. 
Figure 25 illustrates the twinned appearance and fine-grained struc­
ture of the ZrZng phase when formed at 1000° C. The ZrZn^ and ZrZn 
phases were also identified. Figure 26 shows the ZrZn^ phase when 
formed at 870 C. The same etchant did not reveal any twinning in 
the 870 C ZrZn^ band. Other etchants also failed to reveal a twinned 
Figure 23. 
Figure 24. 
Figure 25. 
Figure 26. 
Top left. This photo shows diffusion band s 
formed after 260 hours at 500° C The dark 
region at the top is over-etched Zn. The 
first small band is ZrZn^ separated by a 
crack (dark band) from a clear band of 
ZrZn,. The large band at the bottom is 
ZrZnJj. HN03-HF etch. X100 
Top right. A second view of the above dif­
fusion study is shown. A Zr region is at 
the top with a region of ZrZn below. A thin 
band of ZrZn? is next with a band of ZrZn, 
at the bottom. 20% HF etch. X100 
Bottom left. A diffusion band formed at 
1000 C is shown. The top area is twinned 
ZrZn-, the dark band is ZrZn?, with a 
ZrZn Dand second from the bottom, and a 
Zr region is shown at the bottom. HNO,-HF 
etch. X100 5 
Bottom right. A diffusion couple prepared at 
870 C is shown. An untwinned ZrZn^ region 
is at the top, then a dark band of ZrZn^, a 
poorly defined band of ZrZn, and, at the 
bottom, Zr. HNO^-HF etch. X100 
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structure. Figure 27 illustrates the bands formed in a couple at 560° C. 
In this couple, the ZrZn phase is either absent or it was not revealed 
by etching. Bands of ZrZn^, ZrZn^, and ZrZn^ are shown. The tendency 
of outer bands to crack is evident by examining the ZrZn^ band in this 
photomicrograph 
D. X-ray 
X-ray techniques were used in the investigation of the zinc -
zirconium system in an effort to learn the crystal class, lattice constants 
and space groups of the intermetallic phases. No structure determina­
tions were carried out. A number of investigators have worked on the 
zinc-zirconium phases. Fietrokowsky(10) has determined the structure 
of the ZrZn-. phase and determined the lattice constant. Samson (11) 
has made preliminary investigations of the ZrZn^, ZrZn^, and ZrZn^ 
phases. Table 4 summarizes much of the information known about the 
compounds. 
Powder patterns of the five alloys are shown in Figures 29 through 
33. The primary constituent of each of these alloys was one of the inter­
metallic phases as indicated in the facing page. Figures 28 and 34 are 
powder patterns of zirconium and zinc respectively. The extremely 
complex structures of the ZrZn^, ZrZn^, and ZrZn^ phases are 
apparent by examining Figures 33, 32 and 31 respectively. An 11.4 
cm. Debye-Scherrer camera and copper radiation were used to obtain 
these patterns. 
Figure 27. This is an enlarged view of a diffusion 
couple prepared at 560 C. The area 
at the left is a Zr, next is a thin dark 
band of ZrZn^, then a gray band of 
ZrZng, and a cracked band of ZrZn, 
is shown on the right side. HNO--HF 
etch. X200 J  
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Table 4. Summary of information on proposed 
zinc - zirconium compouiiut. 
Compound 
formula 
w/o Zr 
as line 
compound 
Crystal 
class 
Space 
group 
Lattice 
constants 
ZrZn 
ZrZn. 
ZrZn-
ZrZn^ 
ZrZn 14 
58. 25 cubic Pm3m a = 3. 336 
o 
41. 1 f. c. c. Fd3m a 
o 
= 7. 39( 
31. 1 complex aQ 16. 3 
cubic 
18. 85 b. c. t. a - 12. 71 
o 
c — 8. 68 
9. 06 f. c. c. Fd3m o a 
o 
14. 11 
Crystals of ZrZn^ and ZrZn^ were isolated and utilized for single 
crystal work. The lattice constant and space group of the ZrZn^ 
phase were determined by the use of rotation and precession cameras. 
The crystal class of the ZrZn^ phase was roughly tetragonal as deter­
mined by single crystal work. The lattice constants shown were obtained 
with a Weissenburg camera. " However, precession pictures of this 
phase showed a doubling of spots along the a* axis, but not along the 
c* axis. One explanation is that the basic structure is orthorhombic 
with a and b axes of nearly equal length. By assuming a disarrange­
ment of the a and b axes, but not of the c axis, a psuedo-tetragonal 
pattern such as described might result. Partial tables of the diffrac­
tion angles of the ZrZn, ZrZn^, and ZrZn^ phases were tabulated 
and compared with measured values obtained from powder patterns. 
Good agreement was obtained. The ZrZn^ and ZrZn^ phases were too 
Figure 28. Powder pattern of pure zirconium3.  
Figure 29. Powder pattern of 61.0 wt. % Zr alloy, principally 
lines of the gamma phase, ZrZn. 
Figure 30. Powder pattern of 41. 0 wt. % Zr alloy with the delta 
phase, ZrZn^j being the principal constituent 
Figure 31. Powder pattern of 31. 0 wt. % Zr alloy with the the ta 
phase, ZrZn^, being the principal constituent 
aAll X-ray powder pictures made on 11.4 cm. Debye-Scherrer 
camera using filtered copper radiation. 
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Figure 32 
Figure 33 
Figure 34 
Powder pattern of 18. 9 wt. % Zr alloy with the epsilon 
phase, ZrZn^, being the principal constituent 
Powder pattern of 9. 0 wt. % Zr alloy with the zeta 
phase, ZrZn^, being the principal constituent 
Powder pattern of pure zinc 
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complex to permit meaningful powder data calculations. Their powder 
patterns were useful for visual comparison purposes, however. 
Partial tables of d spacing s vs hkl are shown for the ZrZn^, 
ZrZn^, and ZrZn phases in Tables 5, 6, and 7. The calculated values 
for d were obtained by using the lattice constants shown in Table 4. 
Table 5. Powder pattern lines of the ZrZn phase 
Int. 20 
^observed hkl ^calc 
VW 26. 70 3.33 100 3. 336 
VS 38. 12 2. 36 110 2. 359 
M 55. 00 1. 67 200 1. 668 
S 68. 88 1. 36 211 1. 362 
M 81. 50 1. 18 220 1. 180 
M 93. 80 1. 06 310 1. 055 
M 106. 24 .965 222 . 963 
M 119. 64 .892 321 . 891 
134. 90 400 . 834 
144. 39 410/322 . 809 
Table 6. Powder pattern lines of the ZrZn^ phase 
Int. 20 d , , 
observed hkl d .  calc 
20. 77 111 4. 273 
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Table 6 (continued) 
Int. 26 d , , 
observed hkl ^calc 
24. 03 200 3. 700 
S 34. 23 2. 61 220 2. 617 
VS 40. 40 2. 23 311 2. 231 
M 42. 27 2. 13 222 2. 136 
49. 07 1. 85 400 1.850 
54. 28 331 1. 684 
M 61. 30 1.51 422 1.511 
S 65.49 1. 42 511/333 1.424 
S 72. 15 1.31 440 1. 308 
77. 32 531/600 1. 233 
vvw 82. 34 1. 17 620 1. 170 
w 86. 00 1. 13 533 1. 129 
w 87. 20 1. 11 622 1. 116 
92. 30 444 1. 068 
Table 7. Powder pattern lines of the ZrZn^ phase 
Int. 20 
^observed hkl ^calc 
W 20. 86 4. 25 311 4. 254 
21. 80 222 4. 073 
25. 22 400 3. 528 
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Table 7 (continued) 
Int. 20 
^observed hkl ^calc 
27. 54 331 3. 237 
28. 56 420 3. 155 
W 31. 02 2. 88 422 2.880 
32. 95 511/333 2. 716 
M 35. 98 2. 50 440 2.494 
VS 37. 60 2. 39 531 2.385 
M 38. 26 2. 36 600/442 2. 351 
S 
o
 
o
 2. 23 620 2. 231 
W 41. 96 2. 15 533 2. 152 
vs 42. 40 2. 14 622 2. 127 
M 44. 43 2. 04 444 2. 037 
M 
CO 00 un 
1. 98 711 1. 976 
M 46. 36 1. 96 640 1.957 
48. 21 642 1. 886 
48. 56 553 1.837 
51. 78 800 1. 764 
M 53. 07 1. 72 733 1. 724 
E. Vapor Pressure Data 
The Hargreave method for d e t e r m m ing - va-p-o-r ™p r e s sure, as described 
in the experimental section above, was used for all the zinc-zirconium 
alloys investigated, including the region between alpha zirconium and the 
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compound ZrZn. However, the vapor pressure in the latter region was 
also determined by the Knudsen effusion method due to the low vapor 
pressure. The Knudsen method is most accurate in the pressure range 
- 4 - 2  
of 10 to 10 mm. of mercury. The Hargreaves method is reported to 
_ 2 be applicable down to pressures of 10 mm. However, the experience 
of the author showed that below one mm. of pressure, it was very 
difficult to get data by this method. It may be seen that the two methods 
do not show any appreciable overlap in their range of application. 
Table 8 summarizes the vapor pressure data obtained across the 
zinc-zirconium system. Plots of log P vs. 10^/T(K°) were made and 
are shown in Figures 34b, 35, 36, 37, and 38. From these plots, the 
boiling points of the alloys under investigation were noted. These are 
tabulated in Table 9. 
Table 8. Log vapor pressure of zinc for several zinc -
zirconium compositions and temperatures 
Wt. % Zr Temp. 
r c> 
1 0  /T(K°) L o g  i o  
pressure 
atmo­
spheres 
Temp. 
r c) 
1 0  /T(K°) L ° g l 0  
pressure 
atmo­
spheres 
1 . 0 8 a  6 6 9  1 0 .  6 1 3  - 1 . 3 6 8  8 1 4  9 - 198 - 0 . 4 5 2  
7 0 7  1 0 .  2 0 0  - 1 . 0 9 0  853 8 .  879 - 0 .  2 5 2  
7 5 7  9 .  7 0 7  - 0 .  7 8 4  884 8 .  6 4 2  - 0 . 1 0 6  
7 9 4  9 - 3 7 0  - 0 .  5 6 9  9 1 7  8 .  4 0 2  + 0 .  0 3 1  
8 3 6  9 .  0 1 6  -0. 347 949 8 .  1 8 2  +0.1 6 5  
aThe se data were not utilized for thermodynamic calculations, but 
were used to determine the boiling points of the alloy compositions 
indicated. 
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Table 8 (continued) 
Wt. % Zr Temp. 1Q4/T(K°) Log^ Temp. 104/T(K°) Log1()  
^ ^ pressure pressure 
atmos - atmos­
pheres pheres 
4. 0 799 9 . 330 -0. 580 875 8. 69 -O. 165 
843 8 . 960 -0. 334 914 8. 42 +0. 008 
8. 74 651 10 . 823 -1. 470 866 8. 780 -0. 229 
704 10 . 235 -1. 129 885 8. 636 -o. 136 
757 9 . 709 -0. 794 932 8. 299 +0. 054 
814 9 .200 -0. 478 983 7. 962 +0. 271 
12. 24 595 11 .518 -1. 974 773 9. 558 -0. 710 
627 11 . 109 -l. 649 826 9. 098 -0. 446 
671 10 . 595 -1. 343 868 8. 766 -0. 259 
688 10 .408 -1. 226 904 8. 492 -o. 085 
707 10 . 202 -1. 101 947 8. 198 +0. 102 
740 9 . 870 -0. 899 
15. oa  854 8.1 373 -0. 306 943 8. 230 +0. 068 
897 8. ! 547 -0. 118 
19. 0 543 12 . 246 -2. 699 755 9. 730 -o. 799 
583 11, .680 -2. 200 802 9. 301 -0. 546 
641 10, .939 -1. 649 870 8. 747 -0. 260 
692 10. . 356 -1. 242 910 8. 452 -0. 050 
726 10, . 004 -0. 984 970 8. 046 +0. 186 
23 . 73a  957 9. ' 709 -0. 790 921 8. 375 -0. 007 
Table 8 (continued) 
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Wt. % Zr Temp. 104/T(K°) Log, n Temp. 104/T(K°) Log in  
( C) 1U ( C) 1U pressure pressure 
atmos - atmos­
pheres pheres 
802 9. 302 -0. 554 946 8. 200 +0.105 
845 8. 945 -0. 371 958 8. 115 +0.135 
885 8. 636 -0. 145 
728 9. 988 -0. 981 822 9. 131 -O. 451 
744 9. 831 -O. 864 856 8. 856 -O. 287 
761 9. 669 -0. 767 877 8. 684 -O.188 
781 9. 486 -O. 655 900 8. 524 -0.084 
798 9. 335 -0. 462 924 8. 353 +0.012 
583 11. 680 -2. 176 770. 6 9. 580 -O.706 
609. 6 11. 328 -1. 924 799. 6 9. 321 -0.555 
647. 0 10. 867 -1. 568 838. 0 8. 999 -0.361 
678. 6 10. 506 -1. 338 872. 4 8. 729 -0.210 
704. 6 10. 227 -1. 134 918. 0 8. 395 -O.019 
730.4 9. 964 -0. 943 
653. 0 10. 797 -2. 434 843. 6 8. 954 -0.827 
681. 0 10. 480 -2. 140 859. 6 8. 828 -0.701 
724. 0 10. 028 -1. 757 896. 4 8. 550 -O.441 
740. 0 9. 869 -1. 636 933. 0 8. 291 -O.244 
762. 6 9. 654 -1. 448 961. 0 8. 100 -0.095 
798. 0 9. 335 -1. 176 
Table 8 (continued) 
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Wt. % Zr Temp. 
( C) 
104/T(K°) Log in  Temp. 
( C) pressure 
atmos­
pheres 
104/T(K°) Log1()  
pressure 
atmos­
pheres 
50. 0 675. 4 10. 542 -2. 538 872. 4 8. 729 -0.984 
732. 0 9. 948 -1. 980 922. 6 8. 363 -0.661 
775. 4 9. 537 -1. 636 953. 0 8. 155 -0. 458 
830. 0 9. 065 -1. 275 
69. 0 667. 0 10. 636 -4. 150 775. 4 9. 537 -2. 712 
714. 4 10. 126 -3. 459 
71. 0 757. 6 9. 701 -2. 929 861. 2 8. 815 -1.717 
766. 6 9. 617 -2. 820 906. 0 8. 480 -1. 351 
822. 0 9. 131 -2. 192 
Table 9- The boiling points of several 
zinc-zirconium alloys 
Alloy composition Boiling point 
(w/o Zr) -  (°C) 
pure zinc 907 
1. 08 910 
4. 0 914 
8. 74 917 
12. 24 923. 7 
15. 0 924. S 
19.0 924 
23. 73 924.5 
24. 7 924 
25. 0 925 
Table 9 (continued) 
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Alloy composition 
(w/o Zr) 
Boiling point 
(° C) 
35. 0 
44. 0 
50. 0 
69. 0 
980 
1040 
1040 
These boiling points were utilized to establish the one -atmosphere phase 
diagram shown in Figure 4. 
The measurements of the vapor pressures of alloys in the region 
between alpha or beta zirconium and the compound ZrZn presented more 
serious difficulties than those of regions with a higher zinc content. 
The initial attempts to measure the vapor pressure of an alloy of 69. 0 
percent zirconium were partially unsuccessful due to the appearance 
of a Hack film on the condensation area of the dew-point assembly after 
only a few points had been taken. This type of dark precipitate or film 
had been observed previously when crystal bar zirconium or alloys with 
a zirconium phase were heated under reduced pressure. The exact 
nature of the film was not determined, but has tentatively been ascribed 
to a volatile lower iodide of zirconium. The same 69. 0 percent alloy 
was then used for vapor pressure measurements by the effusion method 
previously described. The results obtained from this technique were 
poor. The vapor pressures obtained showed very wide scatter and 
always showed a strong tendency to become lower with increasing time 
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Figure 34b. Plot of log vapor pressure over a number of 
Zr-Zn alloys vs reciprocal of temperature 
Figure 35. Plot of log vapor pressure over alloys of 12. 24, 19. 0, 
and 25. 0 wt. % Zr vs. reciprocal of temperature 
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Figure 36. Plot of log vapor pressure over alloys of 8. 74, 
12. 24, 25. 0, 35. 0 and 50. 0 wt. % Zr vs. 
reciprocal of temperature 
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Figure 37. Plot of log vapor pressure over alloys of 19. 0, 25. 0, 
35. 0, and 50.0 wfc. % Zr vs. reciprocal temperature 
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Figure 38. Plot of log vapor pressure over alloys of 69-0 and 
71. 0 wt. % Zr vs. reciprocal of temperature 
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at the temperatures investigated. 
In order to determine if the film formed was due to the use of iodide 
crystal bar zirconium, a 71. 0 percent zirconium alloy was prepared 
from a different grade of zirconium. This zirconium metal had been 
produced by the Kroll Process and was in the form of zirconium sponge. 
The supplier was the Carborundum Company of Akron, New York. The 
metal sponge was heated under reduced pressure at 1100° C to remove 
the volatiles, and then double melted by non-consumable and consumable 
electrode processes, both under reduced pressure. The alloy was 
prepared as described under the third method of alloy preparation. 
This alloy was then utilized for vapor pressure determinations by both 
the dew-point and effusion methods. A film was not formed on the 
condensation area of the dew-point apparatus when this alloy was used. 
The results of the vapor pressures obtained from this alloy are shown 
in Table 8. The results which were obtained on the 69. 0 percent crystal 
bar alloy by the dew-point method before the film restricted measure­
ments were noted to be in substantial agreement with the 71.0 percent 
alloy. These data are also tabulated in Table 8. These two sets of 
data were used to calculate the equation for the line shown in Figure 38. 
Measurements made on the 71% zirconium alloy by the effusion 
method showed the same tendency to give decreasing pressure as the 
run progressed. However, the initial measurements gave values which 
appear to be consistent with the dew-point data. Three such measure­
ments are shown on the plot in Figure 38. However, these data were 
not used in any of the calculations. The reason or reasons why the 
effusion method gave decreasing vapor pressure values on repeated 
measurements are not known, but several plausible mechanisms may­
be suggested. One explanation is that some gaseous impurity such as 
oxygen was contaminating the surface or the bulk properties of the 
alloy and lowering the pressure. A second possibility may be that the 
diffusion rate of zinc to the surface of the alloy particles was too slow 
to maintain the equilibrium pressure over the alloy. The operating 
pressure of the effusion apparatus was maintained between 1 and 
_5 5x10 mm. of mercury pressure throughout the runs, but even this 
pressure could conceivably cause trouble, especially with an active 
metal such as zirconium. In any case, assuming an equilibrium alloy 
at the beginning, it is believed that the first pressures obtained from 
the effusion apparatus would probably be more nearly correct than 
later values if some problem such as described above existed. The 
fact that effusion data obtained from crystal bar zirconium alloys showed 
scatter both above and below the established line indicated that the 
volatile material emitted from these alloys might result in high values 
of vapor pressure due to excessive weight loss at the beginning of the 
run; the lower values would be obtained due to the other influence 
which tended to reduce the zinc vapor pressure. In all effusion runs, the 
tendency was to go from high to low pressure values as the run progressed 
F. Liquidus 
The liquidus line as shown on Figures 4 and 5 was drawn from a numbe 
of considerations. Chiotti et al. in Hayes (7) ran a liquidus determina­
tion from the melting point of zinc to 825° C by suspending 
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zirconium in molten zinc for varying lengths of time and analyzing the 
liquid in equilibrium with the solid zirconium at various temperatures 
during both heating and cooling. These data and the partial phase dia­
gram shown by Gebhardt (5) indicate a rather steeply ascending liquidus 
which was not substantiated during this investigation. Due to the experi­
mental difficulties involved with a volatile metal such as zinc, no 
further attempts were made to obtain the liquidus in this manner. 
The liquidus line has been drawn by considering thermal, vapor 
pressure, metallographic and miscellaneous data, plus the general 
considerations of phase diagram construction. The length of peritectic 
horizontals, as determined from thermal data, helped establish the 
right limit of the liquidus line. Figure 6 shows the thermal data used 
in this manner. The physical appearance of alloys annealed and slow-
cooled or quenched also lent supporting evidence for the position of 
the liquidus line. By examining the curvature of lines from plots of 
log P vs. 1/T for various compositions, information on the extent of 
the liquidus was obtained. When the slope of a line became constant at 
some temperature, it was assumed the alloy was all liquid ; thus, the 
left extremity of the liquidus was indicated for that temperature. The 
one-atmosphere pressure phase diagram, Figure 4, showed the tempera­
ture at which a number of alloys had a zinc vapor pressure of one 
atmosphere. Table 9 and Figure 34 also indicate these temperatures. 
Examination of these boiling point data indicate the position of the 
liquidus at 924° C must be between 10 and 12 percent zirconium. The 
slope of the vapor pressure curve for an 8. 74 percent zirconium alloy 
became constant at approximately 850° C, which indicated the alloy must 
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cross the liquidus at this temperature. That the liquidus must lie to the 
right of 8.0 percent zirconium at 885° C was indicated by the fact that 
an alloy of this composition was able to run completely through a tiny 
hole which had developed in a weld in a tantalum crucible. This alloy 
had been prepared from pressed zirconium, shavings and had been 
heated at 885° C for 2 hours before quenching to room temperature. 
The composition of the eutectic between zinc and the compound ZrZn^ 
was determined by examining the micro structure of alloys containing 
0.1, 0.2, 0.3, 0.4, 0.5, and Û. 9 percent zirconium. Although none of 
the samples exhibited a 100 percent eutectic structure, the relative 
amounts of ZrZn^ dendrites in the samples indicated that the eutectic 
composition was very close to 0. 3 percent zirconium. The eutectic 
structures observed in the alloys were somewhat difficult to interpret 
since it appeared that most of the alloys contained both zinc and ZrZn^ 
dendrites along with the eutectic structure. However, in the 0. 2 and 
0. 3 percent alloys, the microstructures indicated only a zinc phase 
and eutectic, with the 0. 3 percent alloy exhibiting almost 100 percent 
eutectic structure. 
It can be shown that if the heat of solution of a solute (L , ) is a 
v soin' 
constant, a plot of the logarithm of the mole fraction of the solute 
versus 1/T (K°) should be a straight line according to the equation 
lQg Nsolute = 2. 3 RT + C '  ^ 
where C is a constant. By using the limiting value of the liquidus 
described above an estimated liquidus line was drawn using Equation 3 
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as a basis. This curve is shown in Figure 39. From Figure 39 esti­
mated values of the liquidus composition were obtained by picking any 
temperature T and reading off the corresponding mole fraction. These 
estimated values of the liquidus composition are tabulated in Table 10. 
Table 10. The composition of the liquidus of the zinc-
zirconium system as a function of temperature 
°C 1/T (K°) NZr Wt. % Zr.a  
416 14.45 0.00215 0.30 
500 12. 94 0.0058 0.80 
600 11. 46 0. 015 1. 70 
700 10. 28 0. 0308 4. 10 
800 9. 32 0.0540 7. 20 
900 8. 53 0. 082 11. 00 
910 8. 45 0.0856 11.40 
1000 7.86 0. 116 15. 50 
aIndependent research by Chilenskas et al. (3b) indicated the solu­
bility of zirconium in zinc at 550 and 600 t rU -tb be 1. 06 and 1. 80 percent 
zirconium respectively. This is in good agreement with the above 
value s. 
G. Diffusion Band Data 
The studies of the relative micr ohardne s se s of the phases present 
in diffusion bands of zinc-zirconium couples gave for the relative 
hardnesses of the phases going from hardest to softest: ZrZn^ (157), 
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ZrZn?  (159), ZrZnA (179), ZrZn (202), ZrZn,4 (240). Zr (350-400), 
and Zn (600-700). The numbers given above are in filar units and they 
were obtained by measuring the length of the hardness impression. The 
average of a number of determinations from a number of samples were 
used. A Tukon te s tor was used with a 10. 25 mm. objective and a load 
of 200 grams. From the scatter of typical data, the difference between 
the microhardness of the ZrZn^ and the ZrZn^ phases is probably not 
significant. These data were used primarily to aid in the identifica­
tion of the various phases as indicated previously. 
Diffusion band studies confirmed that the ZrZn^ phase was quite 
stable, since a large diffusion band of the phase was present in a dif­
fusion couple prepared at 1000° C. The studies also showed that the 
ZrZn^ band was twinned when formed or heated above 910° C. A 
portion of the ZrZn^ band was removed for chemical analyses, the 
results of which indicated the band was 31. 35 percent zirconium. 
This confirmed the results of thermal analyses and metallographic 
studies which indicated the phase must have a composition near 31.1 
percent zirconium. Powder diffraction patterns and thermal analyses 
on this band also agreed with data obtained by these methods from a 
31.1 percent zirconium alloy. Other results of diffusion band studies 
were presented in the section of metallography. 
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IV. THERMODYNAMIC CALCULATIONS 
A. Theory 
The purpose of most thermochemical work is to obtain values for 
enthalpy, free energy, and entropy of formation which can be used 
to calculate equilibrium constants, stabilities, etc. , for other processes. 
Much of the work to date has been concerned with metal-nonmetal 
systems, but with the increasing importance of liquid or solid metal 
chemistry, it is apparent that such thermodynamic data must be 
provided for these types of systems also. 
The standard state of a substance is commonly chosen as the pure 
liquid or solid form of the substance at one atmosphere pressure and 
the temperature under consideration or as the gas at unit fug a city and 
the temperature under consideration. The fugacity may be thought of 
as the effective pressure and may be set equal to the pressure if the 
gas approaches the behavior of an ideal gas. In most work dealing with 
metal vapors, this approximation is generally valid since the pres­
sures are low and the vapors usually monatomic. 
Vapor pressures are related to the thermodynamic activity 
of component i in a condensed system by the relation 
Ui = 
P. i 
i 
(4) 
where L and f° represent the fugacities of component i in the condensed 
phase and pure state respectively. P^ and P° represent measured vapor 
87 
pressures of the same relative systems. The activity so determined is 
related to the partial molar free energy AF. by the equation 
o RT In cu =[a^ - = A F. (5) 
where R is the gas constant, T the absolute temperature, and and (JL° 
are the chemical potentials of component i in the alloy and the pure state 
respectively. For any chemical reaction, if A F° is known, the equation 
can be used to obtain A H for the reaction. This equation can be re­
stated in the form 
d
'dtîffi1 =AH° <7' 
in which case AH° represents the slope of the line obtained when 
AF°/T is plotted against 1/T. The standard entropy of formation AS° 
may then be calculated from the equation 
AF° = AH° - T AS° . (8) 
These general equations apply equally as well when the reactions to 
form intermetallic compounds are considered. If AF for a binary 
system in a solid or liquid metal solution has been calculated by means 
of Equation 5, the AF for the other component can be calculated by 
integration of the Gibbs-Duhem relation. The integral values for AF 
may then be calculated from 
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AF = N. AF. + N2 AF2 . (9) 
If the system under consideration is one in which only line compounds 
separated by heterogeneous fields are formed and if one component is of 
sufficiently greater volatility than the other, only the relationship of 
the vapor pressure of the volatile component as a function of temperature 
over the heterogeneous fields is needed to obtain free energies of forma­
tion. Since the vapor pressure is constant across the heterogeneous 
regions at some particular temperature, only one composition of the 
system need be investigated in each such region. Each compound 
formed in the system and the chemical formula of the compound must 
be known if integral free energies of formation are to be calculated. 
When a system contains one or more homogeneous phases separated 
by heterogeneous fields, the integration is somewhat more complicated. 
The partial molar quantities vary continuously through the solid or 
liquid solution regions, but remain constant in the heterogeneous por­
tions . The same, of course, applies to vapor pressures when 
measured across such a system. To obtain integral values for thermo­
dynamic quantities, the extent and number of all phases must be known 
and the vapor pressure or activity of the components in these phases 
must be known to the lowest concentrations or infinite dilution. This 
activity may be found by extrapolation or otherwise approximated in 
some cases. 
In practice, vapor pressure data are converted to empirical equa­
tions relating the logarithm of the pressure to temperature. In the case 
of the zinc-zirconium system, equations with only two empirical 
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constants of the form 
log P = ~ + B (10) 
were obtained as it was felt the accuracy of the data did not warrant a 
more complex treatment. This equation was then substituted into the 
equation 
AF° = 2. 303 RT log - (11) 
P° 
thus permitting empirical relations relating AF ° and temperature to be 
set up for all the phases. The function 
AF° =30, 902 + 6. 03T log T + 0. 275 x 10_3T2 - 45. 03T (12) 
as given by Kelly (8) was used to obtain the vapor pressure of zinc 
(P°) at any temperature over the range from its melting point to well 
over its boiling point. Since 
AF° = -2.303 RT log K = -2.303 RT log P, (13) 
the relation for the vapor pressure of zinc is 
logiQ P =9.8426 - 675^' 5 - 1.3180 log T - 6. 011 x 10~5 T. (14) 
The heat of vaporization for pure zinc is given by Kelly (8) to be 
AH = 30, 902 - 2. 62T - 0. 275 x 10~3T2 . (15) 
The zinc-zirconium system contains five inter metallic phases which 
have been treated as line compounds. In this case only one value of 
the pressure at any particular temperature is needed to obtain partial 
molar quantities for any two-phase region at that temperature. The 
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partial molar free energy can be calculated immediately for any of the 
compounds by application of Equation 5 and knowledge of the equilibria 
involved. Table 11 summarizes the information needed to obtain AF°'s 
and AF0ls for the system. The values for AH and AH° can then be 
calculated in a similar manner as indicated in Table 12. 
The expressions presented in Tables 11 and 12 contain some in­
herent assumptions, especially when applied at temperatures over 
750° C. From the phase diagram presented in Figure 4, it can be 
seen that the reaction 
Zr (solid) + Zn (vapor) = ZrZn (solid) (16) 
is more complex than the simple expression given above. In fact, the 
reaction above 750° C takes place with a solid solution of the beta 
zirconium and zinc while at the lower temperatures the reaction is 
with alpha zirconium which, although not shown in the phase diagram, 
must contain a very small amount of zinc. The complete equation for 
the vapor pressure of this region should show a change in slope where 
one of the reacting phases changes from alpha to beta zirconium. The 
heat of transformation is only about 700 calories per mole at the trans­
formation temperature, 865° C, however, and it can be seen that 700 
calories is quite small when compared to the heat of sublimation of 
zinc for the region in question. Therefore, the change in slope is 
probably within the experimental error of the measurements. The free 
energy difference between pure zirconium and the zirconium in a solid 
solution of zirconium and zinc may be obtained from the equation 
F - F° = 2. 303 RT log y N (17) 
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Table 11. Equations relating AF° and pressure 
across the zinc-zirconium system 
Region Reactions AF1 
1. Zr+ZrZn Zr+Zn ^ZrZn 
vap AF^ =RT In P2 
+ Zn,. T Zn liq vap 
AF° = -RT In P° 
Zr+Zn liq ZrZn AF° = RT lnfpj 
2. ZrZn+ZrZn,. ZrZn+Zn 
vap ZrZn. AFg = RT In P2 
+ Znliq-^~ Znvap 
AF° = -FT In P° 
+Zr+Zn liq ZrZn AF 
Zr+2Zn.. ——ZrZn,. 
nq 2 
I P \ AF° = AF°+RT In I — 
11 1  \P / 
AF°n = AF°+AF° 
3. ZrZn,+ZrZn, ZrZn,+Zn ZrZn^ 2 3 2 vap 3 AF3 = RT In P3 
+ Z^liq^ Z^vap AF° = -RT In P° 
+Zr2Zn l iq^=^ ZrZn^ AF II 
Zr+3Zn^ -c— ZrZn^ AF ° =AF?T+R T In I III II I t-^oI PC 
AF^=AF°+AF° 
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Table 11 (continued) 
Region Reactions AF's 
4. ZrZn3+ZrZn6 ZrZn^Zn^j^ ZrZn fe  3AF° = RT In (P4)3 
+ 3Zn,.-^ 3Zn 3AF° = -RT In (P°)3 lia vap x '  
+ Zr+3Zn,. ~=s=^- ZrZn. AF° 
liq 3 111 
zp  
Zr+ôZn^-^ZrZn, AF°=AF° +RT In/ 4 liq™" " " 6 — m™ '  
5. ZrZn,+ZrZn1A ZrZn,+8Zn ZrZn, . 8AF° = RT In (Pc)8 b 14 o vap 14 5 5 
+ 8Znv ^^8Zn 8 AF° = - RT In (P°)8 liq vap 1 '  
+ Zr+6Zn |^(^-=- :^: ZrZn^ AF^. 
Zr+14ZnK-^=^ ZrZn^ AF° = AF°y+RT ln|—Qj 
AFv=AF^+8AP° 
8 
where F equals the free energy of the zirconium in solid solution, F° 
equals free energy of pure zirconium, N equals mole fraction of zirconium, 
and y equals its activity coefficient. At the eutectoid point, by setting 
N equal to .8, y equal to one or, in other words, assuming an ideal 
solution, T equal to 750° C or 1023° K and R equal to 1. 98, we obtain 
F - F or AF equal to -450 calories. This is rather small compared 
with the free energies involved and is considered to be within 
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Table 12. Equations for calculating the enthalpy of formation 
for the compounds of the zinc-zircoaixmi system 
Region Reactions AH's 
1. Zr+ZrZn Zr+Zn ' —=—ZrZn 
vap -AH, 
+ Znliq-^Znvap +AH 
Zr+Zn,. ^=^ZrZn liq - AHJ+AH = AH^ 
2. ZrZn+ZrZn- ZrZn+Zn ZrZn0 
vap 2 •AH-
Znliq^~Znvap +AH 
+Zr+Zn,. ZnZn liq +AH, 
Zr+2Zn,. -liq ZrZn. -AH?+AH+AH? = AH? I fn 
3. ZrZn^+ZrZn^ ZrZn,+Zn "=^ZrZn, -AH, 2 vap 3 -
+ Zn,. -i Zn +AH liq vap 
+Zr+2Zn,. ~ liq ZrZn. +AH; II 
Zr+3Zn,. -liq ZrZn, -AH.+AH+AH° = AH? II 1in 
Table 12 (continued) 
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Region Reactions AH* s 
4. ZrZn^+ZrZn^ ZrZn„+3Zn ZrZn, -3AH. 3 vap 6 4 
3Znii< 3Zn vap 
3AH 
+ Zr+3Zn.. ZrZn. liq : AH, HI 
Zr+6Zn,. -=F^ZrZn, liq 6 -3 AH ,+3 AH+AH, III 
AH 
IV 
5. Zr Zn^+ZrZn^ ZrZn,+8Zn -^ZrZn7/1  -8AHC 6 vap 14 : 
8Ztu.-=^8Zn +8 AH liq vap 
+ Zr+6Zn,. ~=z^ ZrZn.. liq liq +AH, IV 
Zr+14Zn.. -q^ZrZn,, liq 14 -8AHC+8AH+AH? = 5 frv 
AH, 
V 
the experimental error. Even if the gamma term or activity were not 
one, it should be close enough to one so as not to change the calculation 
appreciably. 
B. Results 
The vapor pressure measurements tabulated in Table 8 were utilized 
to calculate equations giving the logarithms to the base ten of the pressure 
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as a function of temperature. The accuracy of the data did not warrant 
the use of more than a straight line approximation. These equations are 
tabulated in Table 13. Strictly speaking, these equations are good for 
only the temperature region actually investigated, but were extrapo­
lated over a limited range to lower or higher temperatures. 
Table 13. Zinc vapor pressure as a function of temperature 
for five of the two-phase regions of the zinc -
zirconium phase diagram 
log P = AT"1 + B 
Equilibrium phases Log pressure in atmospheres Temperature range 
Temperature in °K (°K) 
Zr and ZrZn -12,918 + 125 9- 603 + . 119 800 - 1180 
ZrZn and ZrZn^ - 8,440 + 110 6. 401 + . 099 940 - 1225 
ZrZn^ and ZrZn^ - 8,792 + 80 7. 053 + . 076 900 - 1200 
ZrZng and ZrZn^ - 7,448 + 87 6. 
00 
.  095 850 - 1200 
ZrZn^ and ZrZn^ - 7, 171 + 82 6. 441 + . 104 750 - 820 
aThe limits applied to the constants represent the most probable 
error which is commonly calculated for data used in least square cal­
culations. 
The equations outlined in Tables 11 and 12, Equations 5, 7, 8 and 
the .vapor pressure equations (Table 13) were combined with the 
equation describing the pressure of pure zinc to give relations for the 
integral free energy, the integral heat of formation, and the integral 
entropy of formation for the five intermetallic compounds of the zinc-
zirconium system. The fifteen equations thus obtained are tabulated in 
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Table 14. From these equations, values of the three thermodynamic 
quantities were calculated at 5UU, Y5U, and VUU" C. In order to obtain 
room temperature values for these thermodynamic quantities, the vapor 
pressure of zinc over the solid must be used as this is the room tem­
perature form of zinc. Therefore, a second set of equations were 
calculated using in place of Equations 12 and 15 the relations 
AF° = 31, 392 + 0. 64TlogT + 1. 35 " 10™3T2 - 31. 17T (18) 
and 
AH = 31,392 - 0. 28 T - I. 35 • 10~3T2 (19) 
a3 given by Kelley (8) for the standard free energy of sublimation and 
the heat of sublimation respectively of pure solid zinc. The final ex­
pressions for these functions are not shown, but calculated values of 
the thermodynamic quantities at 25° C are given in Table 15, which 
also includes previously mentioned values of the quantities calculated at 
500, 750, and 900° C. Also tabulated in Table 15 are the estimated 
errors in AH° and AF°. These values were obtained by incorporating 
the probable errors of the constants for the five equations representing 
the vapor pressure of zinc over a given region into the equations given 
in Table 14. These probable errors were obtained from the equations 
P
*° 
<20> 
p
=
=  p Y =  1 2 1 1  
where n equals the number of determinations, and Pg represent the 
probable errors in the slope and the intercept respectively of the vapor 
Table 14. A summary of equations giving the thermodynamic quantities indicated 
as a function of temperature for the five zinc - zirconium compounds 
AG° = A + BT + C log T + DT log T + E T2 
lnermo-
dynamic AG^, calories • mole 
i 
Compound Temp. a  
quantity A B C D E • 104 range Y 
-28,198 - 1 096 6. 030 2. 75 ZrZn 800-1180 
AF° 
-35,909 -16 . 850 12. 060 5. 50 ZrZn^ 800-1180 
AF° 
-45,231 -27 . 554 18. 090 8. 25 ZrZng 800-1180 
AF° 
-54, 749 -73; , 598 36. 179 16. 5 ZrZn^ 800-1180 
AF° 
-69,993 -198 . 093 84. 148 38. 5 ZrZn14 800- 823 
AH° 
-28,198 - 2 . 62 - 2. 75 ZrZn 800-1180 
AH° 
-35,909 - 5 . 24 - 5. 50 ZrZn2 800-1180 
AH? -45,230 - 7 . 86 - 8 25 ZrZn^ 800-1180 
AHf° -54, 748 -15 . 72 -16. 50 ZrZn^ 800-1180 
AH° 
AS° 
-69,990 
- 1.524 
- 36 
- 5 
. 68 
. 5 • 104 - 6.030 
-38. 50 Zr Zn^4 
ZrZn 
800- 823 
800-1180 
AS° 11. 60 -11 o
 
0
 
1 y—>
 
N
 
O
 
o
 
ZrZn^ 800-1180 
AS° 19.694 -16 . 5 • 104- 18.090 ZrZrij 800-1180 
AS° 57. 878 -33 0 • 104-36.179 Zr Zn^ 800-1180 
AS° 161. 413 -77 
00 00 1 o 
r—
t o
 ZrZn 800- 823 
aThe temperature ranges shown represent an ext rapolation at the lower temperature for the 
integral thermodynamic quantities since the vapor pressure data did not extend to 800° K over all 
composition ranges. 
Table 15, Calculated values for AF° , AH° , and AS°at 25, 500, 750, and 900°C 
-AF •AH, -AS, 
Compound Temp. r  
< K> -H? 
Kcal Kcal Kcal 
g -atom mole g-atom 
Cal 
deg-
mole 
Cal 
deg-g-
atom 
Est. Prob. Error 
AF° Kcal AH° Kcal 
mole mole 
ZrZn 298 23. 3 11. 7 27. 9 14. 0 15. 48 7. 74 + 7 + é 
ZrZn^ 298 30. 5 10. 2 35. 3 11. 8 16. 22 5. 41 + 1. 4 + 1. 1 
ZrZn^ 298 37. 7 9- 4 44. 4 11. 1 22. 47 5. 62 + 1. 8 + 1. 4 
Z r Z n ,  298 44. 7 6. 4 53. 0 7. 6 28. 04 4. 01 + 3. 2 + 2. 6 
ZrZn14 298 55. 3 3. 9 66. 0 4. 4 35. 75 2. 38 
+ 6. 2 + 5. 6 
ZrZn 773 15. 4 7. 7 30. 4 15. 2 19. 4 9. 68 + 1. 0 + 6 
ZrZn^ 773 21. 7 7. 2 40. 3 13. 4 24. 1 8. 03 + 1. 8 + 1. 1 
ZrZn^ 773 25. 6 6.4 51. 8 12. 9 33. 8 8. 46 + 2. 5 •f 1. 4 
ZrZn^ 773 29. 8 4. 3 67. 9 9. 7 49. 2 7. 02 + 4. 0 + 2. 6 
ZrZnl4 773 32. 3 2. 2 100. 7 6 .  7 88. 4 5. 89 
+ 7. 3 + 5. 6 
ZrZn 1023 10. 5 5. 2 31. 1 15. 6 20. 2 10. 12 + 1. 1 + 6 
ZrZn^ 1023 15. 4 5. 1 41. 8 13. 9 25. 8 8. 61 + 2. 1 + 1. 1 
Z r Z n g  1023 17. 0 4. 2 54. 1 13. 5 36. 4 9. 11 + 2. 8 + 1 .  4 
ZrZn^ 1023 17. 0 2. 4 72. 6 10. 4 54. 4 7. 77 + 4. 5 + 2. 6 
ZrZn 1173 7. 4 3. 7 31. 6 15. 8 20. 7 10. 34 + 1 .  2 + 6 
Zr Zn2 1173 10. 7 3. 6 42. 8 14. 3 26. 7 8. 90 + 2. 2 + 1 .  1  
ZrZn, 1173 9- 9 2. 5 55. 6 13. 9 37. 8 9. 44 + 3. 0 + 1 .  4 
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pressure equations given in Table 13, Sx is the sum of all 1/T values 
In Equation 22, the quantity (Y - a - bx) is actually equal to the differ­
ence between the measured pressures and those obtained by calculating 
them from the least square line at the experimental temperature. While 
the individual probable errors in the constants are small, approximate­
ly one percent, they introduce quite large errors in the free energy 
function and somewhat smaller errors in the enthalpy' function. This 
arises from the fact that obtaining the thermodynamic functions in this 
manner necessitates subtracting groups of large numbers, thus the error 
introduced, while small when compared to the rambers, is much larger 
when compared to the difference of the numbers. The free energy 
function incorporates both the error in the slope and in the intercept of 
the vapor pressure relationship, while the enthalpy only includes the 
error in the slope. The entropy only includes the error in the inter­
cept. To further complicate the situation, the integral functions of 
all the compounds contain the errors of any compounds of lower zinc 
composition. The magnitude of the uncertainties introduced by these 
errors make difficult any meaningful calculations involving known heats 
of fusion, heat capacities, etc. , for the two elements, for example 
estimating the absolute entropy of the compounds. 
Calculations of AF° for the compounds were also made at 545 and 
1120 C in order to check the relative stabilities of compounds at the 
peritectic horizontals. The calculations showed that well within the 
for the experimental data, and Pyg is given by the relation 
P Yo (22) 
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experimental error the compounds behave much as expected. For 
example, as would be expected, the energy of formation of ZrZn^ and 
ZrZn^ are very nearly equal at 545° C, the temperature at which the 
two compounds and a dilute zirconium solution are in equilibrium. 
Similarly, the free energies of ZrZn, ZrZn^, and ZrZn^ were shown 
to be very nearly equal at 1120° C. 
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V. SUMMARY 
The nature of the phase relations of the binary system zinc-zirconium 
have been studied at one atmosphere and at pressures up to ten atmo­
spheres . The results of these studies are illustrated in the phase 
diagrams shown in Figures 4 and 5. Five compounds were observed to 
occur when appropriate amounts of zinc and zirconium are allowed to 
react under proper conditions of temperature and pressure. These com­
pounds occur very close to the stoichiometric compounds ZrZn, ZrZn^, 
ZrZn^, ZrZn^, and ZrZn^. All compounds undergo peritectic reac­
tions when held under constrained conditions except for the compound 
ZrZn^j which apparently melts congruently very near 1180° C. The 
peritectic decomposition temperatures for ZrZn, ZrZn^, ZrZn^, and 
ZrZn^ are very near 1110, 1100, 750, and 545° C respectively. The 
compound ZrZn., apparently undergoes a change of state near 900° C, 
but the nature of the change has not been determined. 
X-ray analyses were carried out on all compounds, and the crystal 
class and lattice dimensions of all compounds with the exception of the 
ZrZn^ phase were obtained. These values are tabulated in Table 4. It 
was discovered that complete structure determinations of all the inter-
metallic phases have been completed or are in progress by other 
investigators (10, 11). 
Determinations of the zinc vapor pressure over a number of zinc-
zirconium alloys were made by use of a dew-point method. From these 
determinations the boiling points of the alloys were obtained. These 
data were then used to construct the one-atmosphere phase diagram 
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previously mentioned. 
The vapor pressure data were also used to construct equations giving 
the logarithm of the pressure as a function of temperature. By appro­
priate combination with the known temperature-pre s sure relationship 
of pure zinc, a set of equations giving , AH° , and AS° as a function 
of temperature for each of the five compounds were obtained. These 
equations along with the pressure functions are tabulated in Tables 13 
and 14. It was shown that small errors in establishing the pressure 
relationships led to relatively large errors in the integral and partial 
molar thermodynamic functions. The pressure relationships are believed 
to have been determined by one of the best known methods, but the 
nature of the calculations needed to determine thermodynamic quantities 
from vapor pressure relationships makes any known method subject to 
considerable probable error, unless a great number of determinations 
are made. 
It is believed, however, that the thermodynamic values obtained do 
represent reasonable results. 
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